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Abstract This first analysis of the marine fish fossil
record in the Caribbean region during the Neogene is based
on comprehensive new faunal compilation lists at the
generic level from basins of nine Central and South
American countries during Miocene and Pliocene times.
Joint ordination and classification techniques were used to
analyze data comprising 236 genera and 346 species.
Principal Component Analyses were used to calculate
covariance and variance between localities. We identified
four subprovinces, representing four different patterns. The
subprovince of Venezuela shows distinct and unique fea-
tures since the Neogene in the diversity of ecosystems
represented. The Antillean subprovince has a western ori-
entation and is composed of Jamaica, the Dominican
Republic, and the Trinidad islands. The third subprovince
combines Panama and Ecuador. It reflects the Pacific fau-
nal influence into the proto-Caribbean and a characteristic
benthopelagic fauna. The fourth subprovince is Costarican.
Its nektonic fish fauna reflects the overprinting impact over
the proto-Caribbean fish fauna mostly due to local paleo-
environmental changes (neritic, estuarine and deep water
assemblages), whereby the overall composition of genera is
largely not affected (except few lamnids, such as the giant-
toothed white sharks and the wide-toothed mako shark).
The results of the analyses are concordant with previous
ones based on invertebrates and identified regions in need
of study (e.g., Colombia, Nicaragua, Honduras, and
Brazil).
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Introduction
The formation of the Caribbean Sea coupled with that of the
Panamanian Isthmus during the latest part of the Cenozoic
Era resulted in one of the great natural experiments in
evolution. The ‘Great American Biotic Interchange’ that
took place in the continental communities has been largely
addressed by studies of vertebrate animals, most specially
mammals (Webb, 2006; Woodburne, 2010). Our under-
standing of the changes in marine environments is based on
investigations of diverse invertebrate groups. Dynamic
processes of the ocean currents, physical and chemical
water mass conditions, and geographic configurations
including Caribbean isolation along the geochronological
sequence, produced direct influence over the Neogene
Amphi-American marine communities (Corals: Johnson,
Sa´nchez-Villagra, & Aguilera, 2009; Budd, Stemann, &
Johnson, 1994, 1996; crustacean decapods: Schweitzer &
Iturralde-Vinent, 2005; Collins, Portell, & Donovan, 2009;
Aguilera, Rodrigues de Aguilera, Vega, & Sa´nchez-Villa-
gra, 2010; echinoids: Mihaljevic´ et al., 2010; mollusks:
Jackson, Jung, Coates, & Collins, 1993; bryozoans:
Cheetham & Jackson, 1996; Cheetham, Jackson, & Sanner,
O. A. Aguilera Socorro  M. I. F. Ramos  S. A. R. F. Costa
Departamento de Geocieˆncias, Museu Paraense Emilio Goeldi,
Coordenac¸a˜o de Cieˆncias da Terra e Ecologia, CCTE,
Av. Perimetral, 1901 Terra Firme, CEP 66077-830 Bele´m, PA,
Brazil
E. T. Paes
Instituto Socioambiental e dos Recursos Hı´dricos, Universidade
Federal Rural da Amazoˆnia, Cx. Postal 917, Av. Pres. Tancredo
Neves, 2501, Terra Firme, CEP 66077-530 Bele´m, PA, Brazil
M. R. Sa´nchez-Villagra (&)
Pala¨ontologisches Institut und Museum, Universita¨t Zu¨rich,
Karl Schmid-Strasse 4, 8006 Zurich, Switzerland
e-mail: m.sanchez@pim.uzh.ch
Swiss J Palaeontol (2011) 130:217–240
DOI 10.1007/s13358-011-0020-9
2001; O’Dea, Herrera-Cubilla, Fortunato, & Jackson, 2004;
O’Dea et al., 2007 O’Dea & Jackson, 2009). These faunal
changes are characterized by extinction and turnover in
Miocene–Pliocene times.
We address the paleobiogeography in this region and
geological time using a rich and complex new database of
fossil fish taxa, thus investigating for the first time the
marine realm with the most diverse group of vertebrates.
The data include almost 100 ‘families’, 236 genera, and
346 species, from 11 Neogene basins in Tropical America.
We aim to produce the first qualitative and quantitative
analysis of marine fish diversity of the past Caribbean
biogeography.
We adopt the term ‘‘Gatunian Province’’ (Landau,
Vermeij, & Marques da Silva, 2008) for the geographical
area (proto-Caribbean) and the geochronological sequence
(Miocene–Pliocene) of interest. This region presents a rich
basis for investigation considering the geographic dis-
placement, emersions, and submersions of sedimentary
basins, transgression and regression of the sea level,
changes in the oceanographic conditions, and species
extinction and turnover. There is an ongoing debate over
the geographic extension and geochronologic subprovinces
involved (Woodring, 1974; Petuch, 1982, 1988, 2004;
Landini, Carnevale, & Sorbini, 2002a; Landini et al.,
2002b; Porta, 2003; Landau et al., 2008; Harnik, Jablonski,
Krug, & Valentine, 2010; Ta´vora, Rodrigues dos Santos, &
Neto, 2010). Multiple tectonic and geographical variables
were considered in the early model of Caribbean bioge-
ography developed by Rosen (1975) based on living fauna
and considering monophyletic clades. Rosen (1975) found
for example the influence of the Pacific faunas on the
Caribbean and mentioned a ‘track Pacific–Atlantic’.
Although not comparable in extent or approach, our work
on monophyletic clades of fish in geological time, repre-
sents an independent examination of a similar region to that
examined by Rosen (1975).
The tectonic context
The geographic configuration of Tropical America during
the Cenozoic is the result of the Caribbean plate tectonic
interaction with the North American, South American,
Nazca, and Cocos plates (e.g. Wadge & Bunke, 1983;
Pindell & Barrett, 1990; Pindell et al., 2005; Bachmann,
2001; Iturralde-Vinent, 2004–2005). The tectonic dynamic
involved the subduction of western Central America and
the eastern Lesser Antilles, the displacement of the Greater
and Lesser Antilles and the volcanic island arc coupled
with the uplift of the Panama Isthmus (Wadge & Bunke,
1983; Coates & Obando, 1996; Hoernle et al., 2002). These
events resulted in the faunal isolation of the Western
Central Atlantic and the Eastern Central Pacific at about
3.5 Ma, and the displacement of the multiple sedimentary
basins to different geographic locations through time. Prior
to the formation of the Panamanian barrier, the trans-isth-
mus passage was an open seaway permitting a strong
inflow of the equatorial Pacific current into the proto-
Caribbean, characterized by rich nutrient concentrations to
produce high primary productivity (Schneider & Schmitt-
ner, 2006; Newkirk & Martin, 2009). The superficial cir-
cumtropical current went in western direction through the
Panamanian seaway, towards the Pacific Ocean (Iturralde-
Vinent & MacPhee, 1999; Schweitzer, Iturralde-Vinent,
Hetler, & Velez-Juarbe, 2006).
Methods
Data were obtained from sampling during field trips to
Ecuador, Costa Rica, Panama, and Venezuela under the
scope of the Panama Paleontology Project (PPP), with
identifications and leadership in this portion of the work by
the senior author and in co-operation with Werner
Schwarzhans (Hamburg) in respect to joint publications in
preparation. The local geology and stratigraphical refer-
ence follow Coates, Collins, Aubry, and Berggren (2004);
(Coates, McNeill, Aubry, Berggren, and Collins, 2005),
and Quiro´z and Jaramillo (2010). The field trip to Brazil
was under the scope of the Museu Emilio Goeldi Paleon-
tology Project; the geological and stratigraphical references
follow Rossetti and Go´es (2004). Specimens from Trinidad
and Dominican Republic were studied based on additional
PPP samples and collections at the Museum of Natural
History of Belgium, Museum of Natural History of Basel,
and Smithsonian Natural History Museum. Data from
Cuba, Puerto Rico, Grenadines, Tobago, and Jamaica as
well as complementary information from the other coun-
tries were taken from published literature (Table 1). Our
data were standardized at the generic level, as is common
in this kind of study (Foote & Miller, 2007). This proce-
dure served also to diminish distortions caused by preser-
vation and sampling biases, endemic groups and
nomenclatural uncertainties.
We grouped basins according to the countries studied,
which are deemed good representatives of the Miocene–
Pliocene sequence forming the proto-Caribbean Gatunian
Province in terms of geographical, paleoenvironmental and
geochronological sequence (Table 1). Biases are some-
times attributed to few samples of taxa in certain basins
(e.g., Barbados Island) or the absence (lack of preservation
or study) of teleosteans or elasmobranchs (e.g., Brazil and
Dominican Republic, respectively).
Merging of different time periods for the analysis is
justified as there is a well-defined and restricted geological
time window represented by the data. Once more precise
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Table 1 References of fossil
fish records by authors,
formations, and age for each
country-basin
Country-basin Reference Age (formation)
Cuba Sa´nchez, 1920
Iturralde-Vinent et al., 1996, 1998
Iturralde-Vinent & Case, 1998
Dı´as-Franco & Rojas-Consuegra, 2009
Eocene (Universidad and Consuelo)
Early Miocene (Husillo)
Early to Middle Miocene (Cojimar)
Middle Miocene (Guines)
Late Miocene to Pliocene (Canı´mar)
Jamaica Purdy et al., 1996
Stringer, 1998
Donovan & Gunter, 2001
Ch. Underwood & Mitchell, 2004
Middle Eocene (Chapelton)
Miocene (Montpelier)
Pliocene (Bowden Shell Bed)
Dominican Nolf & Stringer, 1992 Late Miocene (Cercado)
Republic Schwarzhans, 1997 Late Miocene to Early Pliocene (Gurabo)
Early to middle Pliocene (Mao)
Puerto Rico Nieves-Rivera, 1999
Nieves-Rivera et al., 2003
Middle Miocene (Aymamo´n)
Venezuela Casier, 1958
Leriche, 1938
Nolf & Aguilera, 1998
Sa´nchez-Villagra et al., 2000
Aguilera & Rodrigues de Aguilera,
2001, 2004a, b, c
Aguilera, 2004, 2010
Aguilera et al., 2008
Aguilera & Lunddberg, 2010
Late Eocene to Early Miocene (Castillo)
Early Miocene (Cantaure)
Late Miocene (Socorro, Codore and Urumaco)
Late Miocene to Early Pliocene (Cubagua)
Pliocene (San Gregorio, Paraguana´, Tortuga and
Cumana´)
Costa Rica Aguilera & Rodrigues de Aguilera,
1999
Collins et al., 1999
Laurito, 1996, 1999, 2004
Laurito & Valerio, 2008
Laurito et al., 2008
Late Miocene (Rı´o Banano, Curre´ and Punta Judas)
Late Miocene to Early Pliocene (Uscari)
Panama Blake, 1862
Gillette, 1984
Aguilera & Rodrigues de Aguilera,
1999
Collins et al., 1999
Pimiento et al., 2010
Early Miocene (Tuira)
Middle Miocene (Chucunaque and Valiente)
Middle Miocene to Late Miocene (Gatun)
Late Miocene (Nancy Point, Chagre and Uscari)
Late Miocene to Early Pliocene (Shark Hole Point)
Pliocene (Cayo Agua and Escudo de Veraguas)
Late Pliocene to Pleistocene (Swan Cay)
Trinidad Nolf, 1976
Schwarzhans, 1993, 1997
Early to Middle Miocene (Brasso)
Middle Miocene (Tamana)
Late Miocene to Early Pliocene (Morne L‘Enfer)
Tobago Donovan et al., 2001 Pliocene (Rockly Bay formation)
Grenada Portell et al., 2008 Early to Middle (Kendeace)
Middle Miocene (Grand Bay)
Ecuador Landini et al., 1991
Landini et al., 2002a, b
Bianucci et al., 1993, 1997
Early Miocene (Viche)
Middle Miocene (Angostura)
Pliocene (Onzole and Canoa)
Early Pleistocene (Jama formation)
Brazil Santos & Travassos, 1960
Santos & Salgado, 1971
Malabarba, 1991
Reis, 2005
Oliveira et al., 2008
Ramos et al., 2009
Costa et al., 2004, 2009
Ta´vora et al., 2010b
Costa, 2011
Early Miocene (Pirabas formation)
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stratigraphical and temporal information on existing, as
well as on new sites becomes available, a new analysis
examining changing across the time window examined will
be possible.
The binary data matrix includes 236 genera of fossil
fishes from nine country-basins; these were analyzed using
jointly ordination and classification techniques. Initially,
the classification was accomplished using a non-hierar-
chical K-means algorithm that gathers similar variables in a
pre-established number of groups (Legendre & Legendre,
1998). Such groups are geometrically as compact as pos-
sible around their respective centroids. The method is
particularly efficient when classifying widely distributed
variables with many null values without the need for
establishing a relative scale of dissimilarity (Legendre,
Ellingsen, Bjornbom, & Casgrain, 2002). The best number
of groups present in a data set was defined by maximum
value of the C–H pseudo-F-statistics (Calinski & Harabasz,
1974) for different partitions (number of groups), where:
CH ¼ R
2
K  1ð Þ
 
 n  kð Þ
1  R2ð Þ
 
where,
R2 ¼ SST  SSEð Þ
SST
;
K number of groups and n = 203, the number of genera.
SST is the total sum of squared distances to the overall
centroid and SSE is the sum of squared distances of the
objects to their group’s own centroids. The classification
was accomplished using the free software K-MEANS2
(Legendre, 2001). In a simulation study involving many
stopping rules for cluster analysis, Milligan and Cooper
(1985) found that the Calinski–Harabasz criterion was the
one that would best recover the correct number of groups.
The principal components analysis (PCA) uses the cal-
culated covariance and variance between localities, for this
reason this is a Q-PCA sensu Fasham (1977). The Q-PCA
analysis was run using the free software PAST (Hammer,
Harper, & Ryan, 2001), and the K-mean for the groups was
expressed in the PCAs planes using the concentration
ellipse level of 80%. Following Jackson, Somers, and
Harvey (1989) the size effect of the linear relationship
between the PCA axis 1 and the relative frequency of
species occurrence was established with the largest
occurrence.
The confidence ellipses of genera groups were formed
by computing the three following procedures using PAST
software (Hammer et al., 2001) as proposed by Abdi,
Dunlop, & Willians (2009): (1) the coordinates of the
center of the ellipse of each group in the factorial plane
(Axis II and Axis III), (2) the angle between the major axis
of the ellipse and the first dimension of the plane, and
(3) the relative size of the minor axis compared to the
major axis of the ellipse. To perform these procedures
the center of the ellipse must be set at the center of mass of
the points. Thereafter, the ratio between the minor axis and
the major axis is calculated as done in the ratio of the
second to the first eigenvalue. Finally, the angle of rotation
is given by the first eigenvector. For a 70% confidence
interval, the length of the axes of the ellipse is set to ensure
that the ellipse comprehends 70% of the points. It is also
important to note that the value of 70% was chosen for
visual clarification as to avoid overlapping the ellipses.
Results and discussion
The Miocene–Pliocene fish faunal assemblage established
in the Tropical American seaway before the uplift of the
Panamanian isthmus is called here the proto-Caribbean
fauna, because the Caribbean Sea proper was only formed
after the Pacific and Atlantic isolation was complete.
In our assesment the proto-Caribbean fauna is arranged
in four different paleobiogeographic patterns of countries/
basins and genera assemblages following specific regional
paleoenvironments. In terms of faunal composition, age
and geographic distribution these four paleobiogeographic
patterns can be classified as subprovinces of the Neogene
Gatunian bioprovince.
The isolated vector of Venezuela (V) exhibits a pattern
of co-occurrence and singularity of fossil fish genera
indicated in Fig. 1a (Group 1). Fig. 1b (Group 4) shows
Venezuela characterized by a larger frequency of genera of
the proto-Caribbean.
Since the Neogene until today, the marine sediment
basins of Venezuela represent a faunal subprovince with
unique features, which distinguish it from the rest of the
Caribbean in diversity of ecosystems represented (estuar-
ies, coastal lagoons, mangrove, rocky bottom, muddy
bottom, corals and sea-grasses area, sandy beaches, shal-
low waters and depth waters, upwelling coastal process,
bays and oceanic islands). A similar conclusion was
reached by Landau et al. (2008) in their revision of the
paleobiogeography of the mollusks of the South Caribbean.
Based on their study Landau et al. (2008) recognized a
Colombia–Venezuela–Trinidad subprovince. Our analysis
though shows large qualitative and quantitative differences
between Venezuela and Trinidad (T). An example of the
unique composition in the Venezuelan subprovince is the
Lower Miocene assemblage of the Cantaure Formation
(Nolf & Aguilera, 1998) and that of the Upper Miocene to
Lower Pliocene Cubagua Formation (Aguilera &
Rodrigues de Aguilera, 2001). The first represents a shal-
low water environment, and the Cubagua Formation an
environment of intense coastal upwelling. The comparisons
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with Trinidad could be expanded in the future with the
study of the faunas from the Springvale Formation (Landau
et al., 2009). As for Colombia, the available information on
Neogene fossil fish is still very preliminary and does not
allow conclusions in respect to the suggestion by Landau
et al. (2008).
The second subprovince identified by analysis of the
fossil fish faunas is the arc of western orientated basins
composed of Jamaica (J), Dominican Republic (D) and
Trinidad (T) islands. Jamaica and Hispaniola (Haiti and
Dominican Republic) moved eastwards along the Eastern
Fault in the northern limit of the Caribbean plate during
Cenozoic time (Wadge & Bunke, 1983, Pindell et al.,
2005). Structural elements affecting Trinidad include a
complex mix of contraction, extension, and strike-slip. In
the early Cenozoic, deformation and localized uplift of
some elements of the passive margin began in the Trin-
idad region. Through the Oligocene, the leading edge of
the Caribbean plate advanced eastward imposing a
transpressional deformation onto the passive margin of
eastern Venezuela and Trinidad. In the late Miocene,
Caribbean-South American relative motion became fun-
damentally translational (Lingrey, 2007). This subpro-
vince is defined here as the Antillean subprovince and it
corresponds in the analysis to the co-occurrence and the
exclusivity of the group expressed in Fig. 1a (Group 3);
the mean of the species frequency is expressed in Fig. 1b
(Group 2).
Given that the angle resulting from the PCA is larger
than 45 between Trinidad-Dominican Republic-Jamaica
in relation to Panama´-Ecuador, they should best be allo-
cated into two separate subprovinces.
The third subprovince is thus composed of Panama and
Ecuador (Fig. 1a; Group 2 and overlap with Group 3).
Ecuador has a singular faunal group restricted to the less
genera frequency of occurrence pattern (Fig. 1b; Group 3).
This pattern reflects the Pacific faunal influence into the
proto-Caribbean, because Ecuador, and to some extent also
Panama, show species diversity essentially typical for the
East Pacific, particularly as to the benthopelagic fauna.
Fig. 1 Principal components
analysis arranged by genera and
country-basin (B Brazil,
C Cuba, CR Costa Rica,
D Dominican Republic,
E Ecuador, J Jamaica,
P Panama´, T Trinidad,
V Venezuela), and ovoid area of
fossil fish assemblage (group
species 1, 2, 3 and 4). a Axis II
versus axis III. b Axis I versus
axis II
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Previous research on Ecuador Pliocene benthonic
foraminifera, mollusks, and teleostean fishes (Landini
et al., 2002a, b), suggested association within a Panama-
nian subprovince for this region. Our results for the
Miocene–Pliocene are in agreement with the proposition of
Landini et al. (2002a, b), extending thus the geochrono-
logical range of the subprovince into earlier times equiv-
alent to the proto-Caribbean.
Based on the functional structure of bryozoans and
mollusks, O’Dea et al. (2006) hypothesized geochrono-
logical abiotic and biotic factors affecting the invertebrate
community as consequence of the uplift of the Panamanian
isthmus. The change in the water current patterns and the
collapse of primary productivity did not lead to synchro-
nous evolutionary responses with immediate extinction and
turnover, but rather exhibited a time lag of 2–1 Ma. In
contrast to this Pleistocene effect, Johnson et al. (2009)
demonstrated that during the Oligocene–Miocene transition
a major change occurred in the coral community of the
proto-Caribbean with almost 50% of diversity disappear-
ance in the lower Miocene.
The fourth subprovince is here named Costarican and is
composed only of Costa Rica (CR) showing the co-
occurrence pattern and the singular faunal group expressed
in Fig. 1a (Group 4) characterized in the Fig. 1b by high
frequency of genera occurrence in this region (Group 2).
The absence of fossil fish records in adjacent Nicaragua
and Honduras produces regional gaps, to be considered in
future studies.
The short vectors of Brazil (B) and Cuba (C) shown by
our analysis and the isolated data from Puerto Rico,
Tobago, and Grenadine (Table 1) represent preliminary
data. However, the associated vertebrate fauna from the
lower-middle Miocene Cojimar Formation from Cuba
(Iturralde-Vinent, Hubbell, & Rojas, 1996) and the lower
Miocene Pirabas Formation from Brazil (Ramos, Santos,
Costa, & Toledo, 2009), include similar remains of croc-
odiles, dugongs (Sirenia), turtles and land mammals (e.g., a
rodent). Rosen (1975) had already suggested a close bio-
geographic link between Cuba and Brazil based on the
occurrence of the swamp eel Ophisternon.
The fossil sharks and rays’ records from Brazil, Cuba,
Puerto Rico, Tobago, and Grenadine are few demersal
elasmobranchs widely distributed during the Neogene.
Figure 1a shows the spatial distribution of the genera
complexes in four ovoid areas that explain the 70% of the
probability of occurrence. The first group is formed by 79
genera and represents the more diverse assemblage in
terms of taxa and paleoenvironments (Table 2). This group
is characterized mostly by the presence of shallow water
demersal fishes, associated with bathypelagic and bentho-
pelagic taxa that reflect productive and environmental
stability in this zone. The second group formed by 39
genera is characterized by the presence of shallow water
fishes and pelagic planktivores from the neritic zone. The
third group formed by 61 genera is characterized by the
presence of a large assemblage of fishes that inhabit shal-
low waters over mud bottom, some of them being associ-
ated with brackish environments. This group of fish is
indicative for inner platform slope environments and some
nocturnal migratory planktivore bathypelagic and carni-
vore benthopelagic taxa were present. The fourth group is
composed of 20 genera, most of them shallow water sharks
and rays. Large extinct lamnid sharks, medium sized he-
migaleid and carcharinid sharks are present in this group,
all of which were widely distributed circumtropically.
The qualitative analysis of the faunal composition based
on a comprehensive species list, though preliminary in
many aspects (Table 3), shows extinct genera (e.g.
Megaselachus megalodon), extinct species (e.g. Hemi-
pristis serra), and an extremely high turnover rate of spe-
cies. The list of fossil fishes presented here is the most
comprehensive overview and compilation of the Neogene
Tropical faunal community, with shallow water (e.g. Mu-
gil), brackish (e.g. Aspistor), demersal (e.g. Lepophidium),
bathypelagic (e.g. Diaphus), benthopelagic (e.g. Hept-
ranchias), and pelagic (e.g. Mobula) faunal elements.
Benthic fish representatives exhibit preference for mud
bottom (e.g. Ariosoma) or sandy bottom (e.g. Stellifer).
Paleodepth indicators show a range from near shore (e.g.
Equetus: 0–50 m) to continental slope (Maurolichus:
300–500 m depth), and some are known for their diurnal
vertical migration (e.g. Lampadena).
Summary and conclusions
The fish fossil record in the proto-Caribbean presents
identifiable patterns about the pre-isthmus paleobiogeog-
raphy, denoting the influence of the Pacific current into
the Amphi-American fish distribution in the Gatunian
Province. We identified the Venezuelan, Antillean, Pan-
amanian, and Costarican subprovinces based on a mul-
tivariate analysis of genera. These subprovinces are
related to the regional geology and its tectonic dynamics
coupled with the oceanographic conditions, paleodepth,
and paleoenvironment.
The Caribbean geographic isolation formed as conse-
quence of the Panamanian Isthmus and led to the Plio-
Pleistocene extinction and high turnover of the species
composition best documented until now in the invertebrate
benthic fauna (Aguilera et al., 2010; Budd et al., 1994,
1996; Cheetham & Jackson, 1996; Cheetham et al., 2001;
Collins et al., 2009; Jackson et al., 1993, 2009; Mihaljevic´
et al., 2010; O’Dea et al., 2004, 2007; O’Dea & Jackson,
2009; Schweitzer & Iturralde-Vinent, 2005). However, the
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nektonic fish fauna reflects the impact of the proto-Carib-
bean fish fauna at the generic level in local paleoenviron-
ment community changes in neritic, estuarine and deep
water assemblages. The overall diversity remains largely
the same, except for a few lamnids, such as the giant-
toothed white shark and the wide-toothed mako shark.
The concept of a Gatunian Province is a valid concept in
terms of the geographical and geochronological relation-
ship with the proto-Caribbean paleofauna of invertebrate
groups studied so far. In addition, we propose the Vene-
zuelan, Antillean, Panamanian, and Costarican subpro-
vinces as clearly recognizable assemblages of marine fishes
(Fig. 2).
Acknowlegdments Specimens in the Museum of Natural History of
Belgian, Museum of Natural History of Basel, Smithsonian Natural
History Museum, Museum Emilio Goeldi and Francisco de Miranda
University collections were kindly made available for study by Dirk
Nolf, Walter Etter, Robert Purdy, Heloı´sa Moraes dos Santos and
Julio Reyes, respectively. The Smithsonian Tropical Research Insti-
tute, Panama´, the Palaeontological Institute and the Museum of the
University of Zurich, Switzerland, the Museum Emilio Goeldi, Brazil,
the Conselho Nacional de Desenvolvimento Cientı´fico e Tecnolo´gico
(CNPq) from Brazil provided funding for fieldtrips, study and
museum visits. We wish to acknowledge Anthony Coates and Jeremy
Jackson for the invitation to work under the scope of the Panama
Paleontology Project, and to Carlos Jaramillo for support with
stratigraphical research in Venezuela. Werner Schwarzhans helped us
with the fossil fish review from Ecuador and Venezuela and reviewed
an earlier version of the manuscript. We thank Aaron O’Dea, Jorge
Carillo and Fe´lix Rodriguez for discussion of ideas, and Loı¨c Costeur,
Torsten Scheyer, Bernie Landau and Lionel Cavin for useful
suggestions.
References
Abdi, H., Dunlop, J. P., & Willians, L. J. (2009). How to compute
reliability estimates and display confidence and tolerance
intervals for pattern classifiers using the Bootstrap and 3-way
multidimensional scaling (DISTATIS). Neuroimage, 45(1),
89–95.
Aguilera, O. (2004). Tesoros paleontolo´gicos de Venezuela: Urumaco
patrimonio natural de la humanidad. Caracas: Editorial Arte.
Aguilera, O. (2010). Venezuelan fossil fishes from the Caribbean.
Washington, DC: Gorham Printing.
Aguilera, O., Garcia, L., & Cozzuol, M. (2008). Giant-toothed white
sharks and cetacean trophic interaction from the Pliocene
Caribbean Paraguana´ Formation. Pala¨ontologische Zeitschrift,
82, 204–208.
Aguilera, O., & Lunddberg, J. (2010). Venezuelan Caribbean and
Orinocoan Neogene fish. In M. Sa´nchez-Villagra, O. Aguilera, &
F. Carlini (Eds.), Urumaco and Venezuelan Paleontology (pp.
129–152). Bloomington: Indiana University Press.
Fig. 2 The proto-Caribbean subprovinces recognized in this work (map modified from Google map). Question marks denote unknown fossil fish
record and star symbols denote sedimentary deposits with potential for fossil fish occurrences
The Neogene tropical America fish 237
Aguilera, O., & Rodrigues de Aguilera, D. (1999). Bathymetric
distribution of Miocene to Pleistocene Caribbean teleostean
fishes from the coast of Panama and Costa Rica. Bull Am
Paleontol, 357, 251–269.
Aguilera, O., & Rodrigues de Aguilera, D. (2001). An exceptional
upwelling of fish assemblages in the Caribbean Neogene.
Journal of Paleontology, 75, 732–742.
Aguilera, O., & Rodrigues de Aguilera, D. (2004a). Amphi-American
Neogene sea catfishes (Siluriformes, Ariidae) from northern
South America. Special Papers Palaeontol, 71, 29–48.
Aguilera, O., & Rodrigues de Aguilera, D. (2004b). New Miocene
otolith-based sciaenid species (Pisces, Perciformes) from Ven-
ezuela. Special Papers Palaeontol, 71, 49–59.
Aguilera, O., & Rodrigues de Aguilera, D. (2004c). Goliath grouper
(Pisces, Serranidae) from the Upper Mioceno Urumaco forma-
tion, Venezuela. Journal of Paleontology, 78, 1202–1206.
Aguilera, O., Rodrigues de Aguilera, D., Vega, F. J., & Sa´nchez-
Villagra, M. (2010). Mesozoic and Cenozoic decapod crusta-
ceans from Venezuela and related trace-fossil assemblages. In
M. Sa´nchez-Villagra, O. Aguilera, & F. Carlini (Eds.), Urumaco
and Venezuelan Paleontology (pp. 103–128). Bloomington:
Indiana University Press.
Bachmann, R. (2001). The Caribbean plate and the question of its
formation. Institute of Geology, University of Mining and
Technology Freiberg Department of Tectonophysics http://www.
fiu/orgs/caribgeol.
Bianucci, G., Cantalamessa, G., Landini, W., Ragaini, L., & Valleri,
G. (1993). Fossil assemblages from the Pliocene of Onzole
formation (Esmeraldas, NW Ecuador) and their implications in
the Panamic bioprovince evolution. Documents du Laboratoire
de Ge´ologie de Lyon, 123, 43–58.
Bianucci, G., Cantalamessa, G., Landini, W., Ragaini, L., & Valleri,
G. (1997). Paleontological and sedimentological observations on
the Canoa formation. Bollettino della Societa` Paleontologica
Italiana, 36, 85–96.
Blake, S. F. (1862). Fossil shark teeth at Panama. Geologist, 5, 316.
Budd, A. F., Johnson, K. G., & Stemann, T. A. (1996). Plio-
Pleistocene turnover and extinctions in the Caribbean reef coral
fauna. In J. B. C. Jackson, A. F. Budd, & A. G. Coates (Eds.),
Evolution and environment in tropical America (pp. 168–204).
Chicago: University of Chicago Press.
Budd, A. F., Stemann, T. A., & Johnson, K. G. (1994). Stratigraphic
distributions of genera and species of Neogene to recent
Caribbean reef corals. Journal of Paleontology, 68, 951–977.
Calinski, T., & Harabasz, J. (1974). A dendrite method for cluster
analysis. Communications in Statistics, 3, 1–27.
Casier, E. (1958). Contribution a` l’e´tude des poissons fossiles des
Antilles. Me´moire Suisse de Pale´ontologie, 74, 1–95.
Ch Underwood, J., & Mitchell, S. F. (2004). Sharks, bony fishes and
endodental borings from the Miocene Montpelier formation
(White Limestone) of Jamaica. Cainozoic Research, 3, 157–165.
Cheetham, A. H., & Jackson, J. B. C. (1996). Speciation, extinction,
and decline of arborescent grown in Neogene and Quaternary
cheilostome Bryozoa of tropical America. In J. B. C. Jackson, A.
F. Budd, & A. G. Coates (Eds.), Evolution and environment in
tropical America (pp. 205–233). Chicago: University of Chicago
Press.
Cheetham, A. H., Jackson, J. B. C., & Sanner, J. (2001). Evolutionary
significance of sexual and asexual modes of propagation in
Neogene species of the bryozoan Metrarabdotos in tropical
America. Journal of Paleontology, 75, 564–577.
Coates, A. G., Collins, L. S., Aubry, M.-P., & Berggren, W. A.
(2004). The geology of the Darien, Panama, and the late
Miocene–Pliocene collision of the Panama arc with northwestern
South America. Bulletin of the Geological Society of America,
116(11–12), 1327–1344.
Coates, A. G., McNeill, D. F., Aubry, M.-P., Berggren, W. A., &
Collins, L. S. (2005). An introduction to the geology of the
Bocas del Toro Archipelago, Panama. Caribbean J Sci, 41(3),
374–391.
Coates, A. G., & Obando, J. A. (1996). The geologic evolution of the
Central American Isthmus. In J. B. C. Jackson, A. F. Budd, & A.
G. Coates (Eds.), Evolution and environment in tropical America
(pp. 21–56). Chicago: University of Chicago Press.
Collins, L. S., Aguilera, O., Borne, P. F., & Cairns, S. D. (1999).
A Paleoenvironmental analysis of the Neogene of Caribbean
Panama and Costa Rica using several phyla. Bulletins of
American Paleontology, 357, 81–87.
Collins, J. S. H., Portell, R. W., & Donovan, S. K. (2009). Decapod
crustaceans from the Neogene of the Caribbean: diversity,
distribution and prospectus. Scripta Geolo´gica, 138, 55–111.
Costa S (2011) Ictio´litos da Formac¸a˜o Pirabas, Mioceno do Para´,
Brasil, e suas implicac¸o˜es Paleoecologicas. Tese Doutorado em
Cieˆncias. Universidade Federal do Para´, Instituto de Geocieˆn-
cias, Brazil
Costa, S., Ritcher, M., Toledo, M., & Moraes-Santos, H. (2009).
Shark teeth from Pirabas formation (Lower Miocene), north-
eastern Amazonia, Brasil. Boletim do Museu Paraense Emilio
Goeldi, Serie Geocieˆncias, 4, 221–230.
Costa, S., Toledo, M., & Moraes-Santos, H. (2004). Paleovertebrados.
In D. E. Rossetti & A. Goes (Eds.), O Neogeno da Amazoˆnia
Oriental (pp. 135–166). Bele´m: Museu Paraense Emilio Goeldi.
de Porta, J. (2003). La formacio´n del istmo de Panama´. Su incidencia
en Colombia. Revista de la Academia Colombiana de Ciencias,
27(103), 191–216.
Dı´as-Franco, S., & Rojas-Consuegra, R. (2009). Dientes fo´siles de
Sphyraena (Perciformes: Sphyraenidae) en el Terciario de Cuba
occidental. Solenodon, 8, 124–129.
Donovan, S. K., & Gunter, G. C. (2001). Fossil sharks from Jamaica.
Bull Mizunami Fossil Mus, 28, 211–215.
Donovan, S. K., Nagassar, V., & Sankar, K. (2001). A fossil shark
from the Plio-Pleistocene of Tobago. Caribbean Journal of
Science, 37(1–2), 119–122.
Fasham, M. J. R. (1977). A comparison of nonmetric multidimen-
sional scaling, principal components and reciprocal averaging
for the ordination of simulated coenoclines and coenoplanes.
Ecology, 58, 551–561.
Foote, M., & Miller, A. I. (2007). Principles of paleontology (3rd ed.).
New York: Freeman and Company.
Gillette, D. D. (1984). A marine ichthyofauna from the Miocene of
Panama´, and the Tertiary Caribbean faunal province. Journal of
Vertebrate Paleontology, 4, 172–186.
Hammer, O., Harper D. A. T., Ryan, P. D. (2001). PAST:
Paleontological Statistics Software Package for Education and
Data Analysis. Palaeontologia Electronica, 4(1):9. http://palaeo-
electronica.org/2001_1/past/issue1_01.htm.
Harnik, P. G., Jablonski, D., Krug, A. Z., & Valentine, J. W. (2010).
Genus age, provincial area and the taxonomic structure of marine
faunas. Proceeding of the Royal Society, 277, 3427–3435.
Hoernle, K., van den Bogaard, P., Werner, R., Lissinna, B., Hauff, F.,
Alvarado, G., et al. (2002). Missing history (16–71 Ma) of the
Gala´pagos hotspot: implications for the tectonic and biological
evolution of the Americas. Geology, 30, 795–798.
Iturralde-Vinent, M. (2004–2005). La paleogeografı´a del Caribe y sus
implicaciones para la biogeografı´a histo´rica. Revista del Jardı´n
Bota´nico Nacional, 25–26, 48–78.
Iturralde-Vinent, M., & Case, G. R. (1998). First report of the fossil
fish, Diodon (family Diodontidae) from the Miocene of Cuba.
Revista de la Sociedad Mexicana de Paleontologı´a, 8, 123–126.
Iturralde-Vinent, M., Hubbell, G., & Rojas, R. (1996). Catalogue of
Cuban fossil Elasmobranchii (Paleocene to Pliocene) and
paleogeographic implications of their lower to middle Miocene
238 O. A. Aguilera Socorro et al.
occurrence. Boletı´n de la Sociedad Jamaicana de Geologı´a, 31,
7–21.
Iturralde-Vinent, M., Laurito, C., Rojas, R., & Gutierrez, M. R.
(1998). Myliobatidae (Elasmobranchii: Batomorphii) del Ter-
ciario de Cuba. Revista de la Sociedad Mexicana de Paleontol-
ogı´a, 8, 135–145.
Iturralde-Vinent, M. A., & MacPhee, R. D. E. (1999). Paleogeography
of the Caribbean region: Implications for Cenozoic biogeogra-
phy. Bulletin of the American Museum of Natural History, 238,
1–95.
Jackson, J. B. C., Jung, P., Coates, A., & Collins, S. (1993). Diversity
and extinction of tropical American mollusks and emergence of
the Isthmus of Panama. Science, 260, 1624–1626.
Jackson, D. A., Somers, K. M., & Harvey, H. H. (1989). Similarity
coefficients: measures of co-occurrence and association or
simply measures of occurrence. Am Nat, 133(3), 436–453.
Johnson, K. G., Sa´nchez-Villagra, M., & Aguilera, O. (2009). The
Oligocene–Miocene transition on coral reefs in the Falco´n Basin
(NW Venezuela). Palaios, 24, 59–69.
Landau, B., Marques da Silva, C., & Vermeij, G. (2009). Pacific
elements in the Caribbean Neogene gastropod fauna: the source-
sink model, larval development, disappearance, and faunal units.
Bulletin de la Socie´te´ ge´ologique de France, 180, 249–258.
Landau, B., Vermeij, G., & Marques da Silva, C. (2008). Southern
Caribbean Neogene palaeobiogeography revisited. New data
from the Pliocene of Cubagua, Venezuela. Palaeogeography,
Palaeoclimatology, Palaeoecology, 257, 445–461.
Landini, W., Bianucci, G., Carnevale, G., Ragaini, L., Sorbini, C.,
Valleri, G., et al. (2002a). Late Pliocene fossils of Ecuador and
their role in the development of the Panamic bioprovince after
the rising of Central American Isthmus. Canadian Journal of
Earth Sciences, 39, 27–34.
Landini, W., Carnevale, G., & Sorbini, Ch. (2002b). Biogeographical
significance of northern extraprovincial fishes in the Pliocene of
Ecuador. Geobios, 24, 120–129.
Landini, W., Ragaini, L., Sorbini, L., Valleri, G., Varola, A., & Vera,
R. (1991). Paleontologic and biostratigraphic observations on the
Pliocene of Camarones (Esmeraldas, Ecuador). Atti della
Accademia nazionale dei Lincei, Rendiconti, Scienze Fisiche e
Naturali, 9(2), 353–359.
Laurito, C. (1996). Ana´lisis preliminar de la ictiofauna de Alto
Guayaca´n (Costa Rica) con base en los otolitos, Formacio´n
Uscari (Mioceno superior-Plioceno inferior). Revista Geolo´gica
de Ame´rica Central, 19(29), 93–109.
Laurito, C. (1999). Los sela´ceos fo´siles de la localidad de Alto
Guayaca´n (y otros ictiolitos asociados), Mioceno superior-
Plioceno inferior de la Formacio´n Uscari, provincia de Limo´n,
Costa Rica. Costa Rica: San Jose´.
Laurito, C. (2004). Ictiofauna de la Formacio´n Punta Judas, Mioc-
eno tardı´o, provincia de Puntarenas, Costa Rica. Brenesia, 62,
57–74.
Laurito, C., & Valerio, A. (2008). Ictiofauna de la localidad de San
Gerardo de Limoncito, Formacio´n Curre´, Mioceno superior,
canto´n de Coto Brus, provincia de Puntarenas, Costa Rica.
Revista Geolo´gica de Ame´rica Central, 39, 65–85.
Laurito, C., Valerio, A., Ovares, E., Herna´ndez, A., & Pizarro, D.
(2008). Peces fo´siles de la localidad Lomas de Siquirres, cauce
del rı´o Reventazo´n, Formacio´n Rı´o Banano, Mioceno superior,
provincia de Limo´n, Costa Rica. Revista Geolo´gica de Ame´rica
Central, 38, 11–25.
Legendre, P., Ellingsen, K. E., Bjornbom, E., & Casgrain, P. (2002).
Acoustic seabed classification: improved statistical method.
Canadian Journal of Fisheries and Aquatic Sciences, 59(7),
1085–1089.
Legendre, P., & Legendre, L. (1998). Numerical ecology (2nd English
edn). Amsterdam: Elsevier Science BV.
Leriche, M. (1938). Contribution a` L’e´tude des poisson fossiles des
pays riverains de la Me´diterrane´e Americaine (Venezuela,
Trinite´, Antilles, Mexique). Me´moires de la Socie´te´ Pale´onto-
logique Suisse, 61, 1–42.
Legendre. P. (2001). Program K-means User’s Guide. Pierre Legen-
dre. De´partement de sciences biologiques. Universite´ de Mont-
re´al, Quebec. (http://www.bio.umontreal.ca/casgrain/en/labo/
k-means.html).
Lingrey, S. (2007). Plate tectonic setting and cenozoic deformation of
Trinidad: foldbelt restoration in a region of significant strike-slip.
In O. Lacombe, J. Lave´, F. Roure, & J. Verge´s (Eds.), Thrust
belts and forelands basins, from fold kinematics to hydrocarbon
systems (pp. 163–178). New York: Springer.
Malabarba, M. C. S. L. (1991). One new fish remain from the Pirabas
formation, tertiary of the Para´ State, Brazil. Boletim do Museu
Paraense Emilio Goeldi (serie Cieˆncias da Terra), 3, 3–10.
Mihaljevic´, M., Klug, C., Aguilera, O., Wyss, P., Lu¨thi, T., Sa´nchez-
Villagra, M. R. (2010). Diversity of Caribbean echinoids
including new material from the Venezuelan Neogene. Pala-
eontologia Electronica, 13(3):20A–36. http://palaeo-electronica.
org/2010_3/224/index.html.
Milligan, G. W., & Cooper, M. C. (1985). An examination of
procedures for determining the number of clusters in a data set.
Psychometrika, 50, 159–179.
Newkirk, D. R., & Martin, E. E. (2009). Circulation through the
Central American Seaway during the Miocene carbonate crash.
Geology, 37, 87–90.
Nieves-Rivera, A. M. (1999). En el mar prehisto´rico de Puerto Rico:
ancestro del tiburo´n blanco. Boletı´n Marino Sea Grant, 20(1–3),
1–6.
Nieves-Rivera, A. M., Ruiz-Yantı´n, M., & Gottfried, M. D. (2003).
New record of the Lamnid shark Carcharodon megalodon from
the Middle Miocene of Puerto Rico. Caribbean Journal of
Sciences, 39, 223–227.
Nolf, D. (1976). Les otolithes de Te´le´osteens ne´oge`nes de Trinidad.
Eclogae Geologicae Helvetiae, 69, 703–742.
Nolf, D., & Aguilera, O. (1998). Fish otoliths from the Cantaure
formation (Early Miocene of Venezuela). Bulletin de l0Institut
Royal des Sciences Naturelles de Be´lgique, Sciences de la Terre,
68, 237–262.
Nolf, D., & Stringer, G. L. (1992). Neogene paleontology in the
northern Dominican Republic: Otoliths of teleostean fishes.
Bulletin of American Paleontology, 102, 41–81.
O’Dea, A., Herrera-Cubilla, A., Fortunato, H., & Jackson, J. (2004).
Life history variation in cupuladriid bryozoans from eastern side
of the Isthmus of Panama. Marine Ecology Progress Series, 280,
145–161.
O’Dea, A., & Jackson, J. B. C. (2009). Environmental change drove
macroevolution in cupuladriid bryozoans. Proceedings of the
Royal Society, 276, 3629–3634.
O’Dea, A., Jackson, J. B. C., Fortunato, H., Smith, J. T., D’Croz, L.,
Johnson, K. G., et al. (2007). Environmental change preceding
Caribbean extinction by 2 million years. Proceedings of the
National Academy of Sciences, USA, 104, 5501–5506.
Oliveira, S. F. C. C., Toledo, P. M., & Costa, S. R. F. (2008). Escamas
de tubaro˜es (Pisces: Chondrichthyes) da Formac¸a˜o Pirabas
(Eomioceno), Para´, Brasil. Boletim do Museu Paraense Emilio
Goeldi Cieˆncias Naturais, 3(3), 241–254.
Petuch, E. J. (1982). Geographical heterochrony: contemporaneous
coexistence of Neogene and Recent molluscan faunas in the
Americas. Palaeogeography, Palaeoclimatology, Palaeoecolo-
gy, 37, 277–312.
Petuch, E. J. (1988). Neogene history of tropical American mollusks.
Biogeography and evolutionary patterns of tropical western
Atlantic Mollusca. Charlottesville: Coastal Education and
Research Foundation.
The Neogene tropical America fish 239
Petuch, E. J. (2004). Cenozoic seas. The view from eastern North
America. Boca Raton: CRC Press.
Pimiento, C., Ehret, D. J., MacFadden, B. J., & Hubbell, G. (2010).
Ancient nursery area for the extinct Giant Shark Megalodon
from the Miocene of Panama. PLoS ONE, 5(5), e10552. doi:
10.1371/journal.pone.0010552.
Pindell, J. L., & Barrett, S. F. (1990). Geologic evolution of the
Caribbean; A plate-tectonic perspective. In G. Dengo & J.
E. Case (Eds.), The Caribbean region: the geology of North
America (pp. 405–432). Boulder: Geological Society of America.
Pindell, J., Kennan, L., Maresch, W. V., Stanek, K.-P., Draper, G., &
Higgs, R. (2005). Plate-kinematics and crustal dynamics of
circum-Caribbean arc-continent interactions: Tectonic controls
on basin development in Proto-Caribbean margins. In H. G. Ave´
Lallemant & V. B. Sisson (Eds.), Caribbean–South American
late interactions Vol. 394 (pp. 7–52). Venezuela: Geological
Society of America Special Paper.
Portell, R. W., Hubbell, G., Donovan, S. K., Green, J. L., Harper, D.
A. T., & Pickerill, R. K. (2008). Miocene sharks in the Kendeace
and Grand Bay formations of Carriacou, The Grenadines, Lesser
Antilles. Caribb J Sci, 44(3), 279–286.
Purdy, R. W., Donovan, S. K., Pickerill, R. K., & Dixon, H. L. (1996).
Fish teeth from the Pleistocene of Jamaica. Journal of Vertebrate
Paleontology, 16, 165–167.
Quiro´z, L., & Jaramillo, C. (2010). Stratigraphy and sedimentary
environments of Miocene shallow to marginal marine deposits in
the Urumaco Trough, Falcon Basin, western Venezuela. In M.
Sa´nchez-Villagra, O. Aguilera, & F. Carlini (Eds.), Urumaco
and Venezuelan Paleontology (pp. 153–172). Bloomington:
Indiana University Press.
Ramos, M., Santos, H., Costa, S., Toledo, M. (2009). Cata´logo de
Fosseis: Colec¸a˜o Paleontolo´gica do Museu Paraense Emı´lio
Goeldi. Bele´m
Reis, M. (2005). Chondrichthyan Fauna from the Pirabas formation,
Miocene of Northern Brazil, with comments on Paleobiogeog-
raphy. Anua´rio do Instituto de Geocieˆncias, 28(2), 31–58.
Rosen, D. E. (1975). A vicariance model of Caribbean biogeography.
Systematic Zoology, 24, 431–464.
Rossetti, D., & Go´es, A. (2004). Geologia. In D. Rossetti & A. Goes
(Eds.), O Neogeno da Amazoˆnia Oriental (pp. 13–52). Bele´m:
Museu Paraense Emilio Goeldi.
Sa´nchez, M. (1920). Escua´lidos del Mioceno y Plioceno de La
Habana. Boletı´n de Minas, Direccio´n de Montes y Minas, 6,
1–16.
Sa´nchez-Villagra, M. R., Burnham, R. J., Campbell, D. C., Feldmann,
R. M., Gaffney, E. S., Kay, R. F., et al. (2000). A new near-shore
marine fauna and flora from the Early Neogene of northwestern
Venezuela. Journal of Paleontology, 74, 957–968.
Santos, R. S., & Salgado, M. S. (1971). Contribuic¸a˜o a paleontologia
do Estado do Para´. Novos restos de peixes da Formac¸a˜o Pirabas.
Boletim do Museu Paraense Emilio Goeldi (Serie Geolo´gica),
16, 1–13.
Santos, R. S., & Travassos, S. (1960). Contribuic¸a˜o a paleontologia
do Estado do Para´. Peixes fo´sseis da Formac¸a˜o Pirabas.
Monografia da Divisa˜o de Geologia e Mineralogia, 16, 1–35.
Schneider, B., & Schmittner, A. (2006). Simulating the impact of the
Panamanian seaway closure on ocean circulation, marine
productivity and nutrient cycling. Earth and Planetary Science
Letters, 246, 367–380.
Schwarzhans W (1993) A comparative morphological treatise of
recent and fossil otoliths of the family Sciaenidae (Perciformes).
Piscium Catalogus, Otolithi Piscium, Munich: Verlag Dr.
Friedrich Pfeil.
Schwarzhans, W. (1997). A comparative morphological treatise of
recent and fossil otoliths of the order Pleuronectiformes. Piscium
Catalogus, Otolithi Piscium. Munich: Verlag Dr. Friedrich Pfeil.
Schweitzer CE, Iturralde-Vinent M (2005) Biogeography of Carib-
bean oligocene and Miocene decapods (Thalassinidea; Brachy-
ura). http://www.redciencia.cu/cdorigen/arca/paper/bgcrabs.pdf.
Schweitzer, C. E., Iturralde-Vinent, M., Hetler, J. L., & Velez-Juarbe,
J. (2006). Oligocene and Miocene decapods (Thalassinidea and
Brachyura) from the Caribbean. Annals of Carnegie Museum,
75, 111–136.
Stringer, G. L. (1998). Otolitos-based fishes from the Bowden Shell
Bed (Pliocene) of Jamaica: Systematic and Palaeoecology.
Contribution of Tertiary and Quaternary Geology, 35, 147–160.
Ta´vora, V., Rodrigues dos Santos, A., & Neto, I. (2010a). Eventos
biolo´gicos da Formac¸a˜o Pirabas (Mioceno Inferior). Revista
Brasileira de Geocieˆncias, 40, 256–264.
Ta´vora, V., Santos, A. A., & Araujo, R. N. (2010b). Localidades
fossilı´feras da Formac¸a˜o Pirabas (Mioceno Inferior). Boletim do
Museu Paraense Emilio Goeldi. Cieˆncias Naturais, 5(2),
207–224.
Wadge, G., & Bunke, K. (1983). Neogene Caribbean plate rotation
and associated Central American tectonic evolution. Tectonics,
2(6), 633–643.
Webb, S. D. (2006). The great American biotic interchange: patterns
and processes. Annals of the Missouri Botanical Garden, 93,
245–257.
Woodburne, M. O. (2010). The great American Biotic interchange:
Dispersals, Tectonics, Climate, Sea Level and Holding Pens.
Journal of Mammalian Evolution, 17, 245–264.
Woodring, W. P. (1974). The Miocene Caribbean faunal Province and
its subprovinces. Verhandlungen der naturforschenden Gesell-
schaft in Basel, 84, 209–213.
240 O. A. Aguilera Socorro et al.
